We studied the effects of a lactic acid bacterium, Pediococcus acidilactici (strain MA 18/5M, CNCM), as a dietary probiotic on growth performance and some nutritional and microbiological aspects of the shrimp Litopenaeus stylirostris. Experimental shrimp culture was carried out over 10 weeks, using floating cages of 14 m2 each set in earthen ponds, in a New Caledonia farm affected by "Summer syndrome", a septicaemic vibriosis caused by Vibrio nigripulchritudo. The experiment design testing probiotic-coated pellets against control was replicated in two earthen ponds. High mortalities, characteristic of Summer syndrome, were observed during the first 2 weeks of the trial. The probiotic improved production in the treated cages from both ponds with increases in the survival rate (7% and 15% respectively) and final biomass (8% and 12% respectively). No differences were recorded among treatments on growth performances, but significant lower food conversion ratios were obtained with probiotic treatment. After 5 weeks of rearing, the Hepatosomatic Index and the adjusted dry weight of the digestive gland were significantly increased by 10% and by 9% respectively in shrimps treated with probiotic. In the meantime, the specific activities of greek small letter alpha amylase and trypsin in the digestive gland showed a significant effect of the probiotic treatment with respective increases by 35% and 55%. The rise in total trypsin activity following morning feeding was also enhanced by the probiotic treatment (P < 0.001).
Introduction
Vibriosis is currently one of the main diseases affecting shrimp culture and outbreaks lead to dramatic crop failures in the major shrimp-producing countries (Lightner, 1988; Lin, 1995) . In New Caledonia, shrimp farming faces two diseases of bacterial origin: "Syndrome 93" (Le Groumellec et al., 1996) and "Summer syndrome" (Goarant et al., 2006) . In recent years, the biological control of diseases by environmental friendly methods such as probiotics has become an important subject of investigation in aquaculture research. Several reviews (Garriques and Arevalo, 1995; Gatesoupe, 1999; Vershuere et al., 2000; Gomez-Gil et al., 2000; Irianto and Austin, 2002; Vine et al., 2006) detail the various developments made in the use of probiotics in aquatic cultured species, including shrimp. The use of probiotic bacteria is now commonly accepted in shrimp farming. The main probiotic bacteria documented in shrimp grow-out are Bacillus spp. strains (Moriarty, 1998; Ziaei-Nejad et al., 2006) such as Bacillus subtilis (Vaseeharan and Ramasamy, 2003; Moriarty, 1999) or Gram-negative bacteria strains (Garriques and Arevalo, 1995; Alavandi et al., 2004; Vijayan et al., 2006) . However, since current regulations make it mandatory to obtain authorisation for zootechnical application of living micro-organisms, the use of already identified bacteria will tend to be increasingly extended to aquaculture (Gatesoupe, 2002b) . Because lactic acid bacteria (LAB) are the most commonly applied probiotics in terrestrial animal nutrition, their use as probiotics has been proposed for aquatic species (Gatesoupe, 1991 , 1994 , 2002a , Ringø and Gatesoupe, 1998 . LABs potentially have several probiotic properties: they may stimulate the growth of preferred micro-organisms, outcompete harmful bacteria, and reinforce the organism's natural defence mechanisms (Vandenbergh, 1993 , Villamil et al., 2002 .
Studies showing such effects on aquatic species have generally assessed strains of Lactobacillus acidophilus, L. sporogenes, L. rhamnosus., L. plantarum, Carnobacterium divergens sp., Lactococcus lactis and Pediococcus acidilactici (Strøm and Ringø, 1993; Gatesoupe, 1991 Gatesoupe, , 2002a Gatesoupe et al., 1989; Gildberg et al., 1995 Gildberg et al., , 1997 Nikoskelainen et al., 2001; Planas et al., 2004) . However, only a few reports about their use on shrimp have been documented (Uma et al., 1999; Venkat et al., 2004) . The available information on the probiotic Pediococcus acidilactici MA 18/5 M (Bactocell®) provides convincing safety back-up ("Generally Recognized as Safe" (GRAS) and "Qualified Presumption of Safety" (QPS) status) and evidence of its effectiveness since its use has been authorized by the European committee for several terrestrial species (E1712 for broiler chicken and E1712 for fattening pig). In addition, first evaluations of its effects on the species Litopenaeus stylirostris reared in New Caledonia have shown promising results as regards the growth and survival of shrimps affected by Syndrome 93 (Chim et al., 2005; Castex et al., 2006) . The present study aimed to assess the probiotic strain Pediococcus acidilactici MA 18/5 M on a pilot scale, using floating cages as an original tool for experimental purposes. Our investigation focused on zootechnical results, nutritional status and gut microflora of the blue shrimp, L. stylirostris, reared in 20 floating cages set up in two earthen ponds of a farm currently affected by Summer syndrome.
Materials and Methods

Farm site, study period and temperatures
The study took place in two earthen ponds of 10 ha each (pond A and pond B) of a semi-intensive farm located in Bourake, New Caledonia (21°55' South; 165°57' East) that has been affected since 1997 by Summer syndrome. The experiment was conducted over 10 weeks in 2006, from April to June, the usual period for outbreaks of this disease. The water temperature during the trial (Figure 1 ) was within the thermal preferendum of L. stylirostris (Wabete, 2005) except for the two first weeks when the temperature rose above the upper limit of this preferendum.
Shrimp rearing
Rearing in ponds
The animals used in this experiment were first pregrown in the two ponds: on February 21, ponds A and B of the farm were stocked at a density of respectively 17 and 18 post larvae (PL).m -2 with animals that originated from the same hatchery batch. The animals were reared according to standard semi-intensive farming practices in New Caledonia until they reached the desired size. Shrimps were fed twice a day with a commercial formulated feed. The feeding rate was adjusted by the technical staff of the farm according to the weekly estimated body weight, survival rate and amount of remaining feed in the feeding tray 2 hours after feeding.
Seeding and rearing in floating cages
Twenty floating cages of 14m² of net surface or 4m 3 each were used as described in a previous study (Chim et al., 2007) . Thirty-six and thirty-seven days after seeding the ponds, the cages were stocked with pregrown shrimps taken from the same pond they were reared in. Each cage was stocked with 400 animals for a final density of 29 animals.m -2 . This density has been determined based on the sampling scheme in order to not affect the final survival rates (Bouyer, 1997) . The density in cage was higher than the one in the respective ponds, but it was of little importance since the aim of this study was not to compare the both rearing systems (pond vs cage). The average initial bodyweight of shrimps was 3.4g±0.57 (SD) and 2.7g±0.68 (SD) in pond A and pond B respectively. Shrimps were fed only in the feeding tray, twice a day, at 8.00 am and 3.00 pm. The feeding rate was adjusted every day for each cage according to the feed remaining 2 hours after the meals.
Experimental design
The experiment was conducted as a randomized design, based on previous study (Chim et al., 2007) , with two treatments: standard diet vs. diet supplemented with probiotic. Each group consists of 5 replicates: 5 control cages (C-Cages) and 5 cages receiving probiotic diet (P-Cages). This protocol was duplicated in the two earthen ponds giving a total of 20 floating cages. Table 1 summarizes the experimental protocol. Experimental units considered and tested effects are detailed in the following statistical analysis section. Feeding with probiotic started on 5 April (day 0), one week after stocking the cages with the shrimps. Previously, all the shrimps had received the same standard commercial diet. Shrimps were sampled weekly in one C-Cage and one P-Cage, alternatively in pond A and B, and each cage was sampled only once in the course of the trial. Each sample consisted of 2 groups of 15 shrimps: the first group was sampled one hour before the meal (7 am) and the second sampled two hours after the meal (10 am). The animals were captured with a cast net spread along the surface of the cage and dropped down. The samples were immediately placed in sterile containers of 5 shrimps each, packed on ice in a cooler and brought to the laboratory within 30 min. On the 65th day of the trial (9th week) we carried out a follow-up by sampling shrimps every two hours (from 7 am to 9 pm) in one cage for each treatment. As described below, the animals sampled in the cages were used for several analyses. In addition, 30 shrimps were sampled weekly in each pond, outside the cages, only for microbiological analysis in the haemolyph.
Shrimp feed and probiotic
Shrimps in the cages were fed with the same commercial diet used in the ponds, purchased from the company Moulins de Saint Vincent (MSV), New Caledonia. The commercial probiotic preparation tested was Bactocell ® PA 10 (Lallemand Animal Nutrition S.A., Blagnac, France) formulated with live Pediococcus acidilactici MA 18/5 M (Institut Pasteur, Paris, France). The concentration used in this experiment had been previously determined as effective (Castex et al., 2006) . For the treated group, 1g.kg -1 of the probiotic (powder form) was top-coated on the pellets using 3% of fish oil as a carrier, giving a final concentration of 9.7±1.1 10 6 CFU of P. acidilactici per gram of diet. The probiotic concentration in the feed was systematically checked after processing by counting P. acidilactici strains on MRS plates using serial dilution. The control diet was also top-coated with 3% fish oil and, prior to use, checked for possible contamination by the probiotic strain.
Feeds were then stored in 5-litre boxes at 20°C until use. The storage period never exceeded 15 days, in order to guarantee the same amount of probiotic in the feed throughout the experiment, since we determined that the P. acidilactici concentration in shrimp feed started to decrease significantly after this period (unpublished data).
Zootechnical parameters
The final survival rates were calculated for each cage by counting the number of remaining shrimps and comparing it with the initial stock, excluding the 30 sampled animals per cage. It is statistically agreed that sampling less than 10% of the initial population does not affect the survival rate (Bouyer, 1997) . The individual body weights were recorded for 10% of the population at stocking and for all the remaining shrimps at the end of the experiment. Weekly sampled shrimps were also individually weighed. At the end, final body weight, final biomass and feed conversion ratio (FCR) were determined.
Moulting stage
The moulting stage (Drach and Tchernifovtzeff, 1967 ) of sampled animals was recorded. Only shrimps in the intermoult stage (C-D0) were considered for nutritional status and microbiological analysis.
Nutritional status
Hepatosomatic index and hepatopancreas adjusted dry weight
The hepatopancreas is recognized as the main storage organ in shrimp (Luvizotto-Santos et al., 2003) , and is therefore commonly accepted as a good indicator of nutritional status. Sampled shrimps were dissected and the hepatopancreas was carefully removed and weighed (wet weight). Hepatosomatic index (HSI) was calculated individually as the ratio between wet hepatopancreas weight and total wet body weight. Samples were then frozen at -80°C prior to the freeze-dry step (Alpha 1-2/LD apparatus, Fisher Bioblock Scientific, 48 hours at -55°C) and then weighed to obtain dry weight. The hepatopancreas dry weight, adjusted for its wet weight, was compared between treatments, and used as a complementary index to evaluate the nutritional status of the shrimps. The linear relationship between fresh weight and dry weight of the digestive gland (R²=90.68, in this case) allows hepatopancreas dry weight to be compared with the fresh weight as covariable, using a covariance analysis (Sokal and Rohlf, 1995) ..
Protein and enzyme assays
During the one-day follow-up in the cages, the sampled hepatopancreas were frozen at once in liquid nitrogen and stored at -80°C until enzyme assays were conducted. Only shrimps in intermoult (stage C-D0) were used, since digestive enzyme activity changes with the moulting stage (Fernández et al., 1997) . The hepatopancreas, previously weighed, were homogenized individually in Tris buffer 10mM, pH 7.4 with an ultraturrax and centrifuged 10 min at 4000 rpm at 4°C. Proteins were estimated according to Lowry et al. (1951) with BSA standard. Trypsin was assayed by its amidase activity using benzoyl-Arginine-p-nitroanalide (BAPNA) as substrate following the method of Erlanger et al. (1961) and García-Carreño et al. (1994) . Assays were initiated by the addition of sample supernatant, and the release of p-nitroanalide was measured at 410 nm over 15 min. A positive control of 3 mg.ml -1 trypsin (SIGMA) was used. BAPNA units were evaluated in accordance with Haard et al. (1996) . One activity unit was expressed as 1 μmol of p-nitroanilide released.min -1
. The α Amylase activity was assayed by Bernfeld's method (1955) , using 1% soluble starch (SIGMA) as substrate in phosphate buffer 20mM, pH 7, and reacting it with 3,5-dinitrosalicylic acid. One unit of enzymatic activity was defined as 1mg of maltose liberated in 15min at 37°C. Units of enzyme activities were expressed both as total (U/mg of organ) and specific (U/mg of protein) activities.
Microbiological analysis
Haemolymph
Haemolymph was collected, after rinsing the shrimps with sterile seawater, from the ventral-sinus cavity (venous blood) using a 1 ml sterile needle and syringe. Samples were then plated on Marine Agar (w/v) 2% glycerol added (MAG), on which V. nigripulchritudo colonies produce a grey to black pigment (Baumann and Schubert, 1984) . Plates were incubated for 72 h to 96 h at 29°C. The number of putative V. nigripulchritudo colonies was counted and recorded for each animal. Then the prevalence was determined as the percentage of animals presenting at least one V. nigripulchritudo colony, and the load as the number of colonies per infected animal. Prevalence and load were determined weekly for shrimps sampled in P-cages and C-cages, and in the ponds.
Gut microbiota
Shrimps were dissected using sterilized surgical scissors to remove mid-and hindgut (intestine) (Dall, 1967) . To avoid possible external contamination while removing organs, the surface of each shrimp was previously cleaned using 70% ethanol (Sakata, 1989) . The hindgut of 5 shrimps were pooled, placed in a sterile tube containing 1ml of sterile artificial sea-water and weighed before homogenization. Bacteriological determination was made using serial dilution in sterile saline solution followed by plating triplicates on Marine agar (MA), Thiosulfate citrate bile salt agar (TCBS) and De Man, Rogosa and Sharpe agar (MRS), in order to determine respectively total cultivable heterotrophic marine bacteria, Vibrio sp. and Pediococcus acidilactici. After incubation (24h and 48h at 29°C for MA and TCBS plates, and 48h to 37 °C for MRS plates) colonies were counted and recorded. All the results are presented as colony-forming units per gram of fresh digestive tract (CFU.g -1 ).
Statistical analysis
The data were statistically analysed by the statistical package Stat View (SAS Inc., Cary, NC, USA). Zootechnical results were analysed as follows: each cage was considered as the experimental unit and pond and treatment effects were considered as fixed effects. The normality and variance's homogeneity of all data were systematically checked before applying one-way analysis of variance or two-way analysis of variance for the FCR and the daily growth rates (pond, treatment and their interaction). The interaction pond*treatment was systematically checked and was never significant. Survival rates were assessed using the Chi-square test to determine significant differences between treatments and by analysis of variance after arcsine transformation of percentages survival. For other analysis (microbiological and nutritional), shrimps or pool of shrimps were considered as experimental unit. ANOVA were used to compare treatment effect. The bacterial counts were log transformed before running ANOVA. When ANOVA was not applicable, comparisons were made using the Kruskal-Wallis test. Pairwise comparisons were also achieved using Fisher's Protected Least Significant Difference (PLSD). Statistically significant differences among experimental groups were reported at P<0.05.
Results
Zootechnical results.
The average zootechnical results for shrimps reared in the ponds were similar to the farm's previous crops. According to the farmer's results, the estimated survival rates were 31% for both ponds. Table 2 summarizes the zootechnical results of shrimps reared in cages for both ponds. The mean survival rates were respectively 31.1±3.4% and 37.8±4.2% for C-cages in pond A and in pond B (P<0.001). The values obtained for the growth rate and FCR in cages fit into the results range of farms in New Caledonia (GFA, 2006) . Mortality records (number of dead shrimp discovered daily) according to rearing time were almost similar for shrimps reared in cages and directly in ponds with a rise one week after the beginning of the trial (Fig. 6C) . Probiotic treatment significantly improves the survival rate (P<0.001) and the food conversion ratio (P<0.05) ( Table 2 ). In P-cages, survival was higher by 7% and 15% and FCR lower by 8% and 9% compared to C-cages in pond A and pond B respectively. No significant effect of the probiotic treatment on GR (P>0.05), final weight of the animals (P>0.05) or final biomass (P = 0.09) was shown in either pond. Figure 2 shows the evolution of the HSI before the morning meal for both treatments (P>0.05) and of the body weight of the shrimps irrespective of the treatment. From week 5 to the end of the trial, HSI was significantly higher for shrimp receiving the probiotic treatment (P<0.05). These differences were observed when the mean value of body weight was higher than 10 g. In addition, compared to C-cages, the adjusted dry weight of the digestive gland was significantly higher (P<0.05) for animals from P-Cages from week 8 to the end of the trial (Table 3. ). Figure 3 presents total and specific activities for trypsin ( Fig 3A&B) and α amylase (Fig 3C&D) in the digestive gland. In control shrimps, total and specific activities of both enzymes showed the same trend over the day: at 10.00am (two hours after the first meal) significant rises in trypsin activities (total P<0.001; specific P<0.05) and amylase activities (total P<0.001; specific P<0.05) were recorded. At 2.00pm the activities returned to the initial levels, except for total amylase activity which stayed high until 9.00pm (Fig. 3C) . No significant evolution of either enzyme activity was recorded after the second meal (3.00pm). In shrimps fed with probiotic, the activities of both enzymes varied the same way as for control animals, with an increase in enzymes activities following the first meal. However, differences were observed for treated animals compared to control: (i) at 7.00am (before the first meal), total and specific activities of trypsin and α amylase were significantly higher, (ii) at 10.00am, the rise of total trypsin activity was also found to be significantly higher (Fig. 3A) , (iii) the activity levels of both enzymes returned down to initial values at 12.00pm instead of 2.00pm as recorded for control animals, (iv) the specific trypsin activity recorded from 2.00pm to 9.00pm remained at levels significantly higher (P<0.05) in probiotic group (Fig. 3B) .
Influence of probiotic on nutritional status
Microbial flora in digestive tract of L. stylirostris
3.3.1. Probiotic recovered P. acidilactici was never detected in animals from C-Cages. In P-Cages, there were significant differences for the concentration of probiotic recorded in the intestine before and after the meal (Table  4) . Before morning feeding, P. acidilactici was usually not detected, but it was found successively on three occasions (weeks 5, 7 and 8) with concentrations close to 10 2 CFU.g -1
. Two hours after feeding, the concentrations of P. acidilactici reached mean value of 1.3x 10 4 CFU.g -1 throughout the experiment (Table 4) . Subsequently the probiotic concentration in the shrimp gut decreased to reach values around 2.3x 10 3 six hours post feeding (Table 5 ).
Bacterial numeration
For control groups, the results of the weekly sampling did not show any significant effect of the meal on total heterotrophic bacteria and Vibrios counts in the digestive tract (Table 6 ). Total bacterial counts slightly increased during the first weeks of the trial to reach high and stable levels thereafter (Fig.4) , while Vibrios, according to TCBS counts, increased dramatically at week 5 (P<0.001) to remain high until the end. The results of sampling over one day are shown in Figure 5 : heterotrophic bacteria and Vibrios counts increased exponentially from 7am to 7pm and decrease afterwards. These increases were statistically significant, with values rising from 2.8x 10 7 CFU.g -1 to 5.8x 10 8 CFU.g -1 for the total heterotrophic bacteria, and from 1.5x 10 6 to 1.8x 10 7 CFU.g -1 for Vibrios. On the same day, recorded temperatures increased from 21.5°C at 7am to 25°C at 4pm. For the probiotic group, total heterotrophic bacteria and Vibrios counts in the digestive tract followed the same trends as the control group (Fig.4 & 5) . However, the following differences were recorded: (i) weekly sampling showed that two hours post feeding, bacterial counts were significantly lowered by the probiotic treatment on both MA (P<0.05) and TCBS (P<0.001) media (Fig.4) even if those variations are not uniform over the weeks, (ii) the follow-up over a day showed that the same decrease occurred after each meal supplemented with the probiotic and that this effect lasted longer after the second meal (Fig. 5) . Counts on MAG did not allow the relevant number of V. nigripulchritudo colonies in the gut to be detected at any time at the dilutions achieved (data not shown). Only very few colonies were detected on one plate of the first dilution (10 -1 ) at week one and week four, without noticing any differences between treatments.
V. nigripulchritudo counts in the haemolymph
Haemocultures on MAG for V. nigripulchritudo prevalence and load, in shrimps raised in ponds, are shown in Figure 6 . Prevalence levels at the beginning of the trial were high and decreased throughout the trial to reach nul value at week 10 ( Fig. 6A ). This decrease was found to be highly correlated with water temperature (Table 7) . V.nigripulchritudo load rose dramatically on week 2 and then decreased to less than 20 CFU per infected shrimp during the following weeks (Fig. 6C) . The same trends in prevalence and load were observed for shrimps reared in C-cages (Fig. 6B&D) . Compared to Ccages, P-Cages had lower prevalence at weeks 2, 3, 4, 8 and 10 and lower load at weeks 2 and 5 (Fig. 6 B&D) . For probiotic treated animals, the maximum prevalence values, from week 2 of the trial to the end, did not exceed 53%. Moreover, the prevalence pattern for shrimp fed probiotic was not correlated with the fall in temperature as observed for control ( Fig. 6B and Table 7 ). Finally the V. nigripulchritudo load in P-cage did not increase in week 2 of the trial, as was observed for animals raised in C-cages.
Discussion
Rearing in floating cages
Our previous work (Chim et al., 2007) showed that floating cages were a good tool for shrimp culture study in earthen ponds., allowing the shrimps to be fully reared up to the commercial size, with zootechnical results lying within the standard ranges for the New Caledonian farms (GFA, 2006) . In the present study, the main advantage was to allow shrimps to be reared in the same environment, so that the differences between treatments could be unambiguously attributable to the probiotic effect. Another advantage was the enhanced statistical power of the results through the increased number of replicates in comparison with studies carried out directly in earthen ponds (Chim et al., 2007) .
Probiotic effects on survival, FCR and nutritional status
The low survival rates obtained in ponds A and B were in accordance with previous results from the farm, and can be related to Summer Syndrome (Goarant et al., 2006) . This septicaemic vibriosis was first identified in 1997 in the present shrimp farm, and since the final survival rates obtained have varied between 22% and 38%, depending on the year (Lemonnier et al., 2006) . Results of rearing in our floating cage conditions without using probiotics led to similar results, with survival rates of 31.1±1.5 and 37.8±19 for ponds A and B respectively. The increase in the mortality curve, during the first two weeks after stocking the cages, closely parallels the load curve of V. nigripulchritudo in the haemolymph of the animals over the same period. Prevalence also seems to be strongly linked to the mortality curve, with a slight shift as previously reported by Goarant et al. (2006) . These authors suggested the existence of a latency phase for this disease. We also found a correlation (r=0.86, P<0.001) between the prevalence of V. nigripulchritudo and the fall in temperature for control animals in cages and animals raised directly in the pond. This result may suggest the importance of water temperature for this disease. We observed that treatment with probiotic P. acidilactici significantly improved the survival of the shrimp in pond A (+ 7%) and pond B (+ 15%). Interestingly, our data also revealed a reduction of V. nigripulchritudo prevalence and load levels in shrimps fed with the probiotic within the first two weeks of the trial, during which these variables reached maximum values for control animals. Explanation of this result may involve the direct or indirect effects of the probiotic strain on the associated microbiota of the shrimp by specific or unspecific mechanisms, which in turn may limit the effect of some pathogenic strains. The probiotic treatment also improved final biomass (P=0.09) and significantly reduced the food conversion ratio. In situ studies of LABs application on aquatic species, and more specifically on shrimp species, are scarce and arguments to explain relative effects are sometimes missing. Venkat et al. (2004) showed that strains of Lactobacillus acidophilus and L. sporogenes significantly improved growth of Macrobrachium rosenbergii postlarvae. However, survival was not affected in this case. The same authors observed inhibitory effects of the LABs tested against the gram negative flora present in the fresh water of the shrimp's gut. The positive effect of probiotic in FCR has also been already pointed out in Penaeus indicus larvae fed with L. plantarum (Uma et al., 1999) . The hepatopancreas is considered to be the main storage organ in shrimp, mainly accumulating lipids (Luvizotto-Santos et al., 2003) . In the course of our study we showed in sub-adult animals (mean weight >10g), which have different feeding habits and diet than juveniles (Nunes and Parson, 2000) , that the hepatosomatic index (HSI) values were significantly higher for treated shrimps. The same trend was observed for the adjusted hepatopancreas dry weight, which was then significantly (P<0.05) higher in shrimps receiving probiotic the last two weeks of rearing. Adjusted dry weight is a very simple and specific indicator of the state of hepatic reserves (unpublished data). Variations of hepatopancreas adjusted dry weight are probably due to variations in the lipid content (Sánchez-Paz et al., 2007) . Several hypotheses could explain the effect of probiotic on hepatic reserves. The storage status at a given moment is an equilibrium resulting from the deposition of nutriments in the hepatopancreas and its utilization for the energetic needs and biosynthesis of the animal. In this case, the probiotic could have modulated either the storage process of nutriments, or their use, or both simultaneously. Additional results on trypsin and α amylase activity in the digestive gland showed that enzyme activity significantly increased after the first meal (8am). However, this phenomenon was not obvious after the second feeding (3pm). Previous studies on Penaeus kerathurus and Palaemon squilla showed that both amylase and trypsin activity is influenced by feeding and by the circadian rhythm (Van Wormhoudt et al., 1972; Trellu and Ceccaldi, 1977) . For instance, Van Wormhoudt et al. (1972) showed successive significant rises in trypsin and amylase activity at both 10am and 10pm independently of feeding. Thus the rise of enzyme activity following the first meal in the present study could result from a combination of factors, such as the circadian rhythm, no feeding during the night (15 hours), and re-feeding. The absence of the same rise in enzyme activity following the second meal could be explained either by the interaction of the effects of food intake or by the nictemeral cycle and by the short daily intermeal period (7 hours). Administration of the probiotic modified enzymatic activity in the digestive gland at both levels: (i) higher basic total and specific activity of α amylase and trypsin (animal unfed for 16 hours), (ii) shorter postprandial peaks of enzyme activity following the morning meal while enhancing the trypsin total activity peak. Those results are difficult to compare with those of the literature, which provides very little information on the kinetics of digestive enzyme activity following feeding under pond rearing conditions. On this topic, we can cite the work of Muhlia-Almázan and García-Carreño (2002), who followed digestive enzyme activity in Penaeus vannamei on the basis of moulting stages and the duration of starvation. In the present study, we did not determine whether the modulation of enzymatic activity observed in the probiotic group is due to a direct effect of the strain or to an indirect effect. Because gram-positive bacteria secrete a wide range of exoenzymes, it is difficult to distinguish activity due to the enzymes synthesized by the shrimp from activity due to the enzymes synthesized by the bacteria. However, total higher trypsin and amylase activity of treated shrimps before feeding was measured while the concentration of P. acidilactici was putatively close to 0. This suggests that the exogenous enzymes produced by the probiont account for only a small proportion of total enzyme activity. It is possible that the probiotic may in some way stimulate endogenous enzymes produced by the shrimp. Ingestion of food is considered by Head and Conover (1983) to be the main factor affecting the enzyme secretion in copepods. Therefore those results may also be a consequence of feed intake stimulation by the probiotic treatment. This hypothesis remains to be investigated more fully. We assume that probiotic treatment might have led to enhanced digestion and increased absorption of food, which in turn contributed to improving hepatic storage in the digestive gland and the feed conversion ratio (FCR) observed in L. stylirostris.
Probiotic pattern in the digestive tract
It is commonly accepted that lactic bacteria are naturally present in the digestive tract of fish (Ringø and Gatesoupe, 1998) . However, most studies on the intestinal microflora of shrimps, and more generally of crustaceans, do not report the presence of lactic bacteria in their digestive tract (Dempsey et al., 1989; Harris, 1993, Oxley and Shipton, 2002; Venkat et al., 2004) . Cai et al. (1999) report the presence of three bacterial species, Lactococcus garvieae, Pediococcus acidilactici, and Enterococcus faecium, in the gut of the freshwater shrimp Macrobrachium rosenbergii. In our study, bacterial counts on MRS (specific medium to LAB) in the gut of control animals do not indicate the natural presence of lactic acid bacteria at any time during the trial. Only the probiotic strain (grey-white to yellowish-white colonies, round shaped and with a smooth surface with diameters between 1 to 2.5mm) has been recorded as lactic acid bacteria in the intestine of shrimp receiving dietary probiotic. This suggests that the strain survives and withstands the conditions of the shrimp digestive tract, which is an important feature, since it is accepted that probiotic activity is often linked to the supposed viability of the strain inside the digestive tract of the host (Panigrahi et al., 2005) . Previous results in tanks with clear water showed that P. acidilactici administered at a concentration close to 10 7 CFU.g -1 of feed was retrieved around 5x 10 4 CFU.g -1 of fresh gut (unpublished data). In the present study an average concentration of 1.3x 10 4 CFU.g -1 was recorded two hours after administration. The lower concentrations retrieved in the present study could be explained by the occurrence of natural food available in cages that contributes to the whole diet of the shrimp and dilutes the probiotic provided only through the pelleted feed. Basically, the probiotic concentrations in the gut recorded in our study are in the same range as those reported for other probiotics used for shrimp applications. Rengpipat et al. (2000) showed on Penaeus monodon, that the concentration of probiotic Bacillus S11 reached mean levels of 10 6 CFU.g -1 of gut when administered doses in food ranged between 1.39 10 10 and 4.69 10 10 CFU.g -1
.
More recently, Ziaei-Nejad et al. (2006) showed that commercial Bacillus reached concentrations ranging between 10 4 and 10 5 CFU.g -1 of digestive tract when it was applied in water with 10 7 CFU.ml -1
. Regarding lactic acid bacteria, few examples of their use as probiotics on shrimps are available and the count of the probiotic strain in the digestive tract of the animals has not been systematically reported (Venkat et al., 2004) . In our study, P. acidilactici concentration two hours after the meal reaches the same level throughout the trial. The probiotic concentration remains above 5x 10 3 CFU.g -1 4 hours after feeding, and then decreases gradually to reach values around 2x 10 3 CFU.g -1 after 6 hours. These trends indicate that the probiotic strain must be transient, and may not adhere to the intestinal mucous of L. stylirostris. This result confirms studies carried out on fish reviewed by Ringø and Gatesoupe (1998) , who reported that lactic acid bacteria managed via food generally do not colonize the intestinal mucous and are lost during the intestinal transit within a few days after their ingestion. This has been confirmed by Aubin et al. (2005) , who showed that the same strain of P. acidilactici was only retrieved at low concentration <10 2 CFU.g -1 in the intestine of rainbow trout unfed for 20 hours. The authors stated then that the probiotic was transient without noticeable mucosal association. The short intestine and fast transit time of shrimp (Dall, 1967) could explain the faster disappearance of the probiotic in comparison with fish. Moreover, the intestinal transit time of shrimp, and particularly of L. stylirostris, is affected by water temperature, since the time between two meals (refractory period) is inversely proportional to temperature (Chim et al., 2004) . This could explain why P. acidilactici colonies were recorded up to 16 hours after the last feeding, when pond water temperatures fell to the low threshold (21°C) of L. stylirostris thermal preferendum (Wabete et al., in press ). The results suggest a relationship between the presence of the probiotic in the digestive tract and the speed of intestinal transit, which is itself highly correlated with temperature. In practice, this suggests that it may be necessary to provide probiotic more frequently to compensate for its elimination. The two feed distributions made during this study did not allow the probiotic at concentration around 10 4 CFU.g -1 of gut to be retrieved more than 40% of the time. Under these conditions, the probiotic action could probably be effective only at the times of its optimal concentration in the digestive tract. Further investigation in this area would be necessary to specify the programme for administering the probiotic.
Probiotic effect on the associated microflora of L. stylirostris digestive tract.
The results show that the probiotic had an effect on the microflora of the digestive tract of the shrimp. The effect was one of lower bacteria concentrations, including vibrio, in the gut of treated animals, and was most pronounced when the highest level of P. acidilactici were recorded in the gut (2 to 4 hours after feeding). This significant limitation of bacterial load after feeding probiotic, compared to the control, indicates that the strain tested might have in vivo bacteriostatic properties. These results are consistent with previous data (unpublished) showing an in vitro antagonistic effect of P. acidilactici strain MA 18/5 M against several Gram-positive and Gram-negative bacteria, and notably towards some Vibrios strains pathogenic to L. stylirostris. Results of the follow-up over one day of rearing confirmed this significant limitation of bacterial load after delivering the probiotic and showed variation of this effect over the time period. Modulation of the probiotic effect during the day may be related to the different levels of P. acidilactici recorded in the gut over the same period. Such kinetics would need to be confirmed and the study probably extended to 24 hours, as well as being repeated with additional experiments, notably on the putative effects of probiotic feeding frequency. Antimicrobial effects of bacteria generally come from the following substances released alone or in association: antibiotics, bacteriocins, siderophores, lysozymes, proteases, hydrogen peroxide or organic acids degrading the pH of the medium, and ammonia and diacethyl. It is commonly accepted that the primary effects exerted by LABs are reduction of pH and removal of carbohydrates (Daeshel, 1989) . It is also accepted that the probiotic effects of many LABs forms are based on the production of diverse antibacterial metabolites (bacteriocins in particular). Various authors have stated that among extracellular substances produced by probiotics, bacteriocins would be the most important (Gildberg et al., 1997) . Bacteriocins (pediocin) are excreted by some strains of P. acidilactici (Bhunia et al., 1990; Cintas et al., 1995 , Mora et al., 2002 . It can therefore be hypothesised that the Pediococcus strain studied here may produce such substances which modify the intestinal microflora of shrimp. However, this hypothesis has to be tempered, since it is generally agreed that bacteriocins are peptides which are effective mostly against bacteria closely related to the producing strain (Gatesoupe, 1999; Guerra and Pastrana, 2003) . The P. acidilactici strain tested was also selected for its capacity to produce large quantities of lactic acid. Lactic and acetic acids produced by lactic fermentations of LAB are able to acidify bacteria interior leading to the expulsion of H+ ions from the cells and causing uncoupling of the Na+ -K+ (ATPase) pump (Goncalves et al., 1997) . Ringø and Gatesoupe (1998) stated that bacteria capable of producing lactic acid fermentation may inhibit the proliferation of putrefactive microbes in the digestive tract of aquatic organisms and thus contribute to improved health status of the host. Further, the release of lactic acid resulting in modifications of the gut's pH may be another factor accounting for the effect observed in its microflora. Vázquez et al. (2005) showed, for instance, that lactic and acetic acids are responsible for the effects of nine potential lactic acid bacteria probiotics tested for their inhibitory effects on four common pathogens of turbot. At this stage of knowledge, both production of bacteriocins and/or acidification by lactic acid seem to be consistent hypotheses, and could explain the action of the probiotic on the gut microflora. However, as emphasized by Aubin et al. (2005) , the probiotic effect of this strain could be either direct, because of bacteriostatic properties, or indirect, by stimulating favourable intestinal microbiota. Furthermore, the specific action mechanisms of probiotic activity, both in terrestrial animals and for human applications, are probably of a very diverse nature and the effects are unlikely to arise from independent mechanisms. A combination of several action mechanisms is probably involved, which makes their in vivo demonstration harder (Gatesoupe, 1999) . In the present instance, we cannot say at this stage whether the observed action is specifically directed towards any bacterial communities and correlated with the effects observed on V. nigripulchritudo records in the haemolymph. The use of methods targeting specific bacterial strains (i.e. pathogenic strains) or giving a representative overview of the bacterial community in the gut and haemolymph (TTGE or DGGE) may be helpful in progressing further in this investigation.
Conclusion
Under our experimental conditions, the probiotic P. acidilactici acted favourably on the survival and FCR of the shrimp L. stylirostris. Although we are not able to clarify the mechanisms involved, the probiotic treatment brought about significant antagonistic activity toward the microflora of the digestive tract and led to the reduction of prevalence and load of V. nigripulchritudo, which has been involved in serious outbreaks in New Caledonia. In nutritional terms, sub-adult L .stylirostris (>10g) presented higher hepatic storage when fed with the probiotic, and basic digestive enzyme activities were enhanced by the treatment. We assume that this result may be related to better feed utilisation by animals given the probiotic diet. Under our feeding conditions, the probiotic concentration in the gut was found to be highly variable, suggesting a possible improvement and optimization of the treatment by adjusting probiotic feeding frequency. Indeed, we assume that it should be possible to strengthen the probiotic effect by increasing the residence time of the strain in the digestive tract. Our future research on this topic will need to pay attention to optimizing probiotic dose and frequence for its application during various shrimp grow-out seasons. We shall also look at the qualitative effects of the probiotic strain on the bacterial community associated with the shrimp intestine and investigate more precisely the nutritional and potential physiological impact of such treatment. Table 3 . Adjusted hepatopancreas dry weight (least mean square) of animals reared in floating cages after 5, 7, 8 and 10 weeks, and significant differences among C-Cages (control) and P-Cages (probiotic treatment) (±standard error, n=30; n.s., not significant). Table 5 . Average bacterial counts of P. acidilactici (on MRS) in digestive tract of shrimp sampled over 14 hours during the 65th day of rearing in P-cages (9th week) (±standard error, n=3; "-" non achieved). * Different superscript letters indicate significant differences among day times (Fisher's Protected Least Significant Difference). Table 6 . Average bacterial counts (on Marine agar and TCBS) in shrimp guts sampled weekly before and after feeding in C-Cages (±standard error, n=21; n.s. non significant). Different superscript letters within the same line indicate significant differences among treatments with pairwise LSD Fisher test (P<0.05). Table 7 . Correlation coefficients and correlation tests (Z-test) between the water temperatures in pond and the prevalence and load of V. nigripulchritudo in the haemolymph of shrimp reared respectively in Ponds, C-Cages and P-Cages. 
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